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Abstract 

We calculate the axial couplings g%(0) and g° (0) related to the spin of the nucleon in a con- 
stituent quark model. In addition to the standard one-body axial currents, the model includes 
two-body axial exchange currents. The latter are necessary to satisfy the Partial Conservation 
of Axial Current (PCAC) condition. For both axial couplings we find significant corrections to 
^ . the standard quark model prediction. Exchange currents reduce the valence quark contribution 

to the nucleon spin and afford an interpretation of the missing nucleon spin as orbital angular 
\q , momentum carried by nonvalence quark degrees of freedom. 
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a: 

The question which degrees of freedom carry which part of the nucleon's spin has stimulated 
a great deal of research on both the experimental and theoretical side [lj. In a quantum field 
theoretical description j^J the nucleon spin J is built from the quark spins S, quark orbital 
angular momentum L q , gluon spin Ag, and from gluon orbital angular momentum L g as 

J=l^ + L q + Ag + L g = 1 -. (1) 

Presently, there is still considerable controversy over how the nucleon spin J = 1/2 is made up 
in detail. In the standard constituent quark model [3], which uses only one-body axial currents, 
one obtains a clear answer, namely J = S/2 = 1/2, i.e., the nucleon spin is the sum of the 
three constituent quark spins and nothing else. On the other hand, in the Skyrme model 0] 
most of the nucleon spin is due to orbital angular momentum of the quarks. Experimental 
results 0, 0] for the quark spin sum indicate that S/2 = 0.16(5), i.e., only 1/3 of the total 
angular momentum of the nucleon is due to quark spins. This marked disagreement between 
the standard constituent quark model and experiment has often been interpreted as a severe 
shortcoming of this model ("spin crisis"). 
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However, the simple additive constituent quark model violates the partial conservation of 
the axial current (PCAC) condition, which is an important symmetry constraint that must be 
satisfied in a consistent theory. The purpose of this paper is to show that if the constituent 
quark model is supplemented by two-body axial exchange currents so that the PCAC condition 
is satisfied, the valence quark contribution to the nucleon spin is considerably reduced. Fur- 
thermore, the model suggests that the nucleon contains a substantial amount of orbital angular 
momentum carried by nonvalence quark degrees of freedom effectively described by exchange 
currents. 

The paper is organized as follows. In sect. [Til we review the relation between the axial current 
matrix elements and the spin fraction carried by quarks. The axial current operators of the 
constituent quark model are briefly discussed in sect. IIII1 Our results for the nucleon spin 
structure are presented in sect. [TV] and summarized in sect. [Vj 



II. SPIN STRUCTURE OF THE NUCLEON 



Experimentally, information on the spin structure of the nucleon is obtained from deep 
inelastic scattering (DIS) of polarized leptons on longitudinally polarized protons. In such an 
experiment one is measuring the spin-dependent proton structure function g{(x,Q 2 ), which 
depends on the four-momentum transfer Q 2 = —q^q^ 1 and the Bjorken scaling variable x = 
Q 2 / (2Mv) [7|. At Q 2 and v large compared to the nucleon mass M (scaling limit), the integral 
of the spin structure function can be calculated in the framework of QCD to first order in the 
strong coupling constant a s 



T?(Q 2 ) =: [ gftx, Q 2 ) dx = (^Au(Q 2 ) + ^Ad(Q 2 ) + ^s(Q 2 )) (l - , (2) 

where the Aq(Q 2 ) are the fractions of the nucleon spin carried by the quarks and antiquarks 
of flavor q = (u, d, s) evaluated at the renormalization scale fi 2 = Q 2 . In the parton model, the 
spin fractions carried by the individual quark and antiquark flavors are defined as 

Aq(Q 2 ) = f 1 dx(q] (Q\x) + q\ (Q 2 ,x) - qi (Q 2 ,x)-ql (Q 2 ,x)). (3) 
Jo 

The quark momentum distributions q] (Q 2 , x) and q[ (Q 2 , x) denote the probability for finding 
in the nucleon a current or QCD quark [9| of flavor q with momentum fraction x of the total 
nucleon momentum and spin parallel or antiparallel to the proton spin. The spin quantization 
axis is chosen along the proton momentum. The quark momentum distributions, e.g., q J 
(Q 2 ,x), can be further decomposed: 

q T (Q 2 , x) = q val T (Q 2 , x) + q sea | (Q 2 , x) (4) 

where q va i J (Q 2 ,x) and q sea J (Q 2 ,x) is the contribution of the QCD valence and sea quarks. 
Note that the definition of Aq in Eq.Q also contains the antiquark distributions denoted by 
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q t (Q 2 ,x) and q | (Q 2 ,x). Hence, the spin fractions involve both valence quarks and sea 
quark- ant iquark pairs. 

The fraction of the nucleon spin fractions carried by the individual quark flavors q can be 
expressed as axial vector current matrix elements 

A Q(V 2 ) = (Pt \ 9a q (?73 75?)U"|pT)> ( 5 ) 

where 73 = 7 2 and 75 are Dirac matrices, fi 2 refers to the mass scale at which the axial current 
operator is renormalized, and g Aq is the quark axial current coupling constant. 

In the constituent quark model one does a tree level calculation with the usual assumption 
that the quark fields q in Eq.(j5]) are described by free Dirac spinors. In addition, the static 
limit is taken so that the contribution from the lower components of the Dirac spinors can be 
neglected. Furthermore, it is assumed that g Aq = 1, i.e., the same as for structureless QCD 
quarks, in which case the axial current matrix element reduces to 

Ag= (pT KIpT)- (6) 



Thus, in this approximation, the axial quark current is the one-body [10j quark spin operator 
o q z . Its matrix element between nucleon states measures the contribution of a valence quark 
with flavor q to the nucleon spin, where q is restricted to the u and d flavors. The total angular 
momentum of the nucleon is then simply the sum of the u and d quark spin fractions. With the 
usual SU(6) spin-flavor wave function of the proton and the one-body axial current operator in 
Eq-dHJ), one obtains for the spin fractions An = 4/3 and Ad = — 1/3 adding up to 

< J z >=< S z >= - (Au + Ad) = -. (7) 

More generally, allowing for three flavors in the axial current operator in Eq. (JSJ), and evalu- 
ating matrix elements for SU(3) flavor octet baryons, one finds that the three axial form factors 
at zero momentum transfer, 5u(0), 5^(0), and g A (0) are the relevant quantities that carry the 
information on the nucleon's spin structure. The relations between the axial couplings g A and 
the spin fractions Aq are 



g A {0) = Au(Q 2 ) - Ad{Q 2 ) 
g 8 A (0) = Au(Q 2 ) + Ad(Q 2 ) - 2As(Q 2 ) 
g° A (0) Q 2 = Au(Q 2 ) + Ad(Q 2 ) + As(Q 2 ) = 



(8) 



The flavor octet su(0) (isovector) and g\(0) (hypercharge) couplings are independent of the 
renormalization point. On the other hand, the flavor singlet axial coupling 5^4(0) depends on 



the renormalization scale at which it is measured ll|], hence the subscript Q 



Experimental results for Qa(0) and q 8 A (0) have been obtained from the weak semileptonic 

0, H Ef. With r?(Q 2 ) measured in DIS and the axial 



decays of octet baryons [12 
couplings 5u(0) and <7^(0) determined from (3 decays, there are three experimental data and 
three unknown spin fractions Aq. The combined DIS and hyperon /5-decay data give \^ 



Au 



0.83 ±0.03, Ad = -0.43 ±0.03, As 



-0.09 ±0.04. 



(9) 
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FIG. 1: Feynman diagrams for the axial current operators of constituent quarks: (a) one-body axial 
current, (b) two-body gluon exchange axial current. The wavy lines correspond to weak gauge bosons 
coupling to the axial currents. The black dot denotes the axial quark coupling. 

The sum of these experimental spin fractions E/2 = 0.16(5) is considerably smaller than the 
additive quark model result E/2 = 1/2 of Eq.([7j). However, the measured spin sum does not 
only include the contribution of the valence quark spins but also the contribution of quark- 
antiquark pairs in the Dirac sea as is evident from the definition of Aq in Eq.([3J). These degrees 
of freedom are not properly included in the additive quark model in which the axial quark 
current is approximated as a one-body operator. 




III. THE PCAC RELATION AND AXIAL EXCHANGE CURRENTS 

When discussing the failure of the additive constituent quark model in correctly describing 
the axial couplings of the nucleon and the related spin fractions carried by the valence and 
nonvalence degrees of freedom, it is usually not mentioned that this model, which uses only 



one-body axial currents, violates the PCAC relation 16 



q ■ A(q) - [H, A°(q)] = -i V2 /^^L^q). (10) 

This can be seen as follows. The PCAC relation links the strong interaction Hamiltonian H, 
the weak axial current = (A , A) operators, and the pion emission operator described by 
M 7r . Here, is the pion mass and f n is the pion decay constant for which we use f n = 93 
MeV. If the quark Hamiltonian contains two-body potentials, (e.g. due to gluon exchange), 
which do not commute with the axial charge density Aq, the PCAC relation demands that 
there be corresponding two-body axial currents A (e.g. axial gluon exchange currents) and 
two-body emission operators to counterbalance the contribution from the two-body potentials 



in the Hamiltonian 16]. This is analogous to the requirement of the continuity equation for the 
electromagnetic quark current [17], which enforces the presence of two-body exchange currents 
if the two-body potentials do not commute with the quark charge operator. 
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Eq. fllOp leads to the Goldberger-Treiman relation 18|, [l9| between the quark axial coupling 
gAq, and the pion-quark coupling constant g nq 

9M = f*—- (11) 

m q 

Here, m q is the constituent quark mass. In a recent work [16j we have shown that a good 
description of the nucleon's isovector axial vector form factor qa{q 2 ) is obtained if the axial 
current operator A satisfies the PCAC condition ( flOl) . in particular if gA q is determined from 
Eq.fllTD. 

In the present paper, we generalize these results to three flavors, and calculate the axial 
form factors g^(O) and 5^(0) for SU(3) flavor octet baryons in a chiral constituent quark model 
based on a non-linear a-model Lagrangian 20| that is invariant under U(3)yxU(3) J 4 chiral 
transfomations. After an expansion in powers of 1/ f n the effective Lagrangian reads 

C = *(i 7 ^ - M ; )* + \ d^A^j + \ d^od^o 

-\tr (F, u F^) - gV-f + ^7^75 d, + ¥/75 A * d, $ 
-^fjki^XVQkd^i. (12) 

Here, \1/ and $o, with j = 1 • • • 8 represent the quark and the nonet of pseudoscalar meson 
fields [2]J respectively, is the gluon field, and is the gluon field strength tensor. The A- 7 
are SU(3) flavor matrices, A = y2/3 1, and the fjki are the SU(3) structure constants. 

Due to the complicated structure of the QCD vacuum characterized by a nonzero quark 
condensate < | | >^ 0, the chiral symmetry of the Lagrangian is spontaneously broken. 
This gives rise to nonzero constituent quark mass terms. In addition, there are small QCD 
quark mass terms which break chiral symmetry explicitly. The matrix M' = diag(m q ,m q ,m s ) 
in Eq. ffl2l) contains both contributions. The small QCD quark mass terms together with a 
nonzero quark condensate are also responsible for the meson mass terms m\ o , m|. (j = 1 • • • 8), 
and m| g . 

The axial or chiral U(1) J 4 anomaly of QCD is also taken into account in this effective low 
energy Lagrangian through an extra mass term —3a/2N c for the $o ; where N c is the number 
of colors and a is a 0(N®) quantity having dimensions of mass square. The axial anomaly 
breaks U(3)f flavor symmetry and thus gives rise to different flavor octet and singlet meson 
masses and axial coupling constants. To take SU(3) flavor symmetry breaking into account, we 
allow that the hypercharge axial quark coupling g\ is different from the isovector axial quark 
coupling gAq (see below). 

From the fundamental interaction vertices of the non-linear a model Lagrangian we have 
derived the potentials and axial current operators of the chiral constituent quark model. The 
resulting quark potential model contains a gluon exchange potential with strength a s = g 2 /4:ir, 
Goldstone boson exchange interactions with coupling constants gAq/^f-w, a confinement inter- 
action, and the corresponding axial currents, as discussed in detail in Ref. |22j|. For the present 
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purpose it is sufficient to list only the one-body and gluon exchange axial current operators, 
which contribute to the flavor octet and flavor singlet axial couplings g A (0) and g° A (0). These 
operators are derived from the Feynman diagrams in Fig. [TJ The one-body isovector axial 
current operator reads 

M m M) = 9a, E e * qrfc 4 °k, (13) 

k V2 

where k = 1, 2, 3 sums over the three constituent quarks in the nucleon, and j = 1, 2, 3 denotes 
the (cartesian) components of the isospin operator r k . The quark spin and position operators 
are denoted by a k and r^, and q is the three-momentum transfer imparted by the weak gauge 
boson. 

To generalize the SU(2) isospin axial current to the SU(3) flavor axial current, we replace the 
isospin operator T 3 k by the Gell-Mann flavor operator A*., where j = 1, • • • , 8 is the flavor index. 
In particular, the j = 8 flavor (hypercharge) axial current is obtained by replacing r^/v2 in 
Eq.(P) by Xl and g Aq by g% 

AL P (q) = 9% E eiqrfc (v^A 8 ,) a k . (14) 

k 

In the constituent quark model the nucleon consists of u and d valence quarks so that we only 
need the left upper corner of the SU(3) flavor matrices A 8 , = l/y/3diag(l, 1, —2), which is 
proportional to the unit matrix. Similarly, the flavor singlet one-body axial current is obtained 
by the replacement g Aq — ► g A in Eq. (|T4l 

A L P (q) = 9% E ^' rk (is) 



From the diagram of Fig. QJb) we derive the gluon exchange isovector axial current 16 



22 



-i{a k ■ r) q — 



-i [ 3(cr/, -1 an r - (<r,.. --a,) ) ^ + ^((Tfe+ffj) 5(r) 



+ (A;^/)L (16) 



In Eq. f|T6|) A^ denotes the color operator of quark k. The relative coordinate between the two 
quarks exchanging a gluon is r = — with r = |r|, and r = r/r is the corresponding 
unit vector. This two-body axial exchange current is consistent with the PCAC constraint in 
Eq. {TOD (see Ref. Q). 

As before, the j = 8 flavor component of the gluon exchange current is constructed from 
the isovector current by the replacements t{/\/2 — > a/3 A 8 and g Aq — > in Eq. fjTEj) . Finally, 
the flavor singlet gluon exchange current is obtained from there by the substitution g\ — > ^ . 



The hypercharge and singlet axial currents satisfy generalized PCAC relations 22J, which are 
more complicated than Eq.( fT0l) due to the chiral anomaly of QCD. 

For an interpretation of these operators we remember that the constituent quark model is 
an effective description of baryon structure in terms of massive valence quarks, which have the 
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same quantum numbers as the original QCD quarks. Non-valence quark degrees of freedom, 
such as quark-antiquark pairs and gluons enter the model in the form of two-body currents 
and renormalized quark couplings. Thus, the one-body axial current in Fig. HJa) is the current 
of noninteracting constituent valence quarks (impulse approximation), whereas the two-body 
axial current of Fig. d](b) describes quark-antiquark and gluon degrees of freedom resulting from 
the interaction between these valence quarks. 

Concerning the axial quark couplings for the isospin, hypercharge, and flavor singlet currents 
we recall that the properties of massive, spatially extended constituent quarks are generally 
different from those of the nearly massless and pointlike QCD quarks. For pointlike QCD 
quarks and if U(3)^ flavor symmetry is exact, one has [23J 

9a q = g\ q = g° Aq = 1. (17) 

In contrast, for constituent quarks, which can be viewed as QCD quarks surrounded by a 
polarization cloud of quark-antiquark pai rs, the axial couplings is expected to be different from 



unity. In fact, several calculations |23j, \2S, |25|, |26( show that due to the cloud of quark-antiquark 



pairs surrounding a QCD quark, the isovector axial quark coupling g& q is renormalized from 1 
(QCD quark) to about 0.75 (constituent quark). This is consistent with the value gA q ~ 0.77 
obtained from the empirical pion-quark coupling constant g nq via the Goldberger Treiman 
relation in Eq. fllll) . In addition, because flavor symmetry is broken, one expects these axial 
couplings to be different from each other. 

As in the case of the isovector axial quark coupling g Aq we calculate the isosinglet hypercharge 
g\ q and the flavor singlet g\ axial quark couplings from the strong rjq and rj'q couplings and 
decay constants via generalized Goldberger- Treiman relations. Because the physical r\ and 
rj' mesons are a mixture of the SU(3)f octet and singlet representations, the corresponding 



Goldberger- Treiman relations are more complicated than Eq. fllll) . The mixing scheme [27], [28 
for the determination of g\ and g\ from g m and g m ' involves two decay constants / 8 and f c 
different from f n and two mixing angles G>8 and Bo 

A, = V3f 8 {^cos6 8 + ^sine 8 ) 




91 = \R fo sin 9 + **1 cos O . (18) 



m q m q 



As discussed below, the strong rjq and rj'q couplings can be calculated from the empirical strong 



rjN and rj'N couplings. With the mixing angles and decay constants taken from Ref. 28j, the 
axial quark couplings g\ q and g° Aq can be obtained from Eq. fflBl . However, it should be noted 
that there are different forms for the isosinglet Goldberger- Treiman relations in the literature, 
and there is considerable discussion concerning their validity in view of the chiral anomaly of 



QCD |29|, [30, [31 
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TABLE I: Results for the axial couplings g\(0) and fi^(O). The individual contributions are the 
one-body current (imp), the gluon exchange current (g), the total current (total), the experimental 



data (exp) [5]. For the constituent quark axial couplings we use g Aq = 0.96(44) (second row) and 
9Aq = 0.46(09) (fourth row) as determined from Eq. (|18p . The theoretical error bars in the results for 
5^(0) and g A (0) are due to the uncertainties in the constituent quark axial couplings. 





imp 


g 


total 


exp 




0.99 


-0.39 


0.60 




ffi(0) 


0.95(±0.44) 


-0.38(^0.17) 


0.58(±0.26) 


0.58(10) 




0.99 


-0.39 


0.60 




9°a(0) 


0.46(±0.09) 


-0.18(^0.04) 


0.28(±0.05) 


0.33(10) 



IV. RESULTS AND DISCUSSION 



In the following we present our results for the axial couplings g%(0) and g A (0) of the nucleon. 
As explained in sect. [Ill the nucleon spin fractions can be expressed in terms of these axial 
couplings. 



A. The flavor octet hypercharge axial coupling g^(0) 

The flavor octet hypercharge axial coupling g A (0) of the nucleon is given by the matrix 
element of the sum of one- and two-body axial current operators A 8 (q — ► 0) in sect. IHII 
evaluated between proton wave functions. If the Dirac sea is assumed to be SU(3) flavor 
symmetric, i.e., Au sea + Au sea = Ad sea + Ad sea = As sea + As sea this coupling measures the 
fraction of the proton spin that is carried by valence QCD quarks, namely 

g%(0) = Au val + Ad val = 1 

as in Eq.(J7p. This assumption is however not consistent with the data g\(0) exp = 0.58(10). 
Thus, in addition to the positive valence quark contribution g\(0) contains a negative contri- 
bution coming from a flavor asymmetrical polarized quark- ant iquark sea. 

In the first row of table [I] we show our results for g\{Q)/g\ q - The one-body axial current 
gives a contribution A\ « 1 because the relevant operator A-i mp (0)/g Aq = J2k a k, is simply twice 
the total spin operator, and the valence quarks are mainly in relative S-wave states. With the 
two-body axial current included, we obtain 



(19) 
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Here, the A 2 term comes from the two-body gluon exchange current. The latter is negative and 
reduces the valence quark (one-body current) result by about 40%. Quark- ant iquark degrees 
of freedom effectively described by the gluon exchange current in FigJT](b) are responsible for 
this reduction. 

This result can also be derived from the general spin-flavor structure of the one- and two- 
body axial currents in the flavor symmetry limit [32], which for the hypercharge current reads 

A* = a E(v/3A«)a iz + b £(V3A*)<7 iz . (20) 

i=l i^j 

Here, the constants a and b are parameters that parametrize the orbital and color space matrix 
elements. For | q |— > and S-waves the axial currents in sect. II III have the same structure as 
Eq. (j20p . which when evaluated between SU(6) spin-flavor wave functions gives 

9 -^l = (a + 2b). (21) 

9Aq 

The advantage of a quark model calculation as the one presented here, is that it provides 
expressions for these parameters in terms of the hypercharge axial coupling g\ and a gluon 
exchange current contribution, for example, a ~ g\ . Furthermore, we find b < because the 
matrix element of the hypercharge gluon exchange current operator in color space is negative. 

To calculate g\(0) absolutely, we need a numerical value for the axial quark coupling g\ . 
We derive the latter from the generalized Goldberger-Treiman relations in Eq. (fT8|) . We use the 
following relations between the strong r\ and rf couplings to nucleons and quarks 

= ^(A 1 + 2A 2 ) 
M N m q 

^ = 9 -^(A 1 + 2A 2 ) (22) 
M N m q 

and first determine g m and g^ q from the empirical r)N and rj'N coupling constants g V N and 
g v 'N, and then obtain g\ and g° Aq from Eq. ffTBl . Here, A\ and A 2 denote one- and two-quark 
contributions to the strong coupling constants. These are exactly the same as in Eq. (1191) . 
The reason for this exact correspondence is that the one- and two-quark operators needed to 
calculate the strong meson-baryon couplings are identical to the ones in the axial coupling 



calculation 32, 33 



to 



There are different experimental determinations for g V N ranging from g V N = 2.1 [34] , 135 
g vN = 2.75 — 4.6 36j. Flavor SU(3) symmetry predicts g V NN — (3 — ^jj^p) 9-kNN ~ 3.6, where 
the F and D couplings determined from weak hyperon decays have been used 12j. For g^^ 



we are aware of two experimental determinations from rj' photoproduction off nucleons giving 
g v / N = 1.66 [37| and g v > N = 1.4 ±0.1 [38]. Taking the range of the experimental values for g vN 
and fiyjy and the central values of the mixing parameters and decay constants from Table 1 in 
Ref. 128] 



/ 8 = (1.26 ± 0.04) f n , 6 8 = -21.2° ± 1.6 
fo = (1.17 ±0.03) U, O = -9.2° ±1.7° 



(23) 



10 



as input we obtain from Eq. fllSp the following values for the axial quark couplings 

g% = 0.96 ± 0.44 

g° Aq = 0.46 ± 0.09, (24) 

where the errors come from the experimental error bars on g n ^ and g v 'N- in addition, there are 
uncertainties connected with the validity of the generalized Goldberger-Treiman relations and 
possible three-body axial currents which we have neglected. 



B. The flavor singlet axial coupling g^(0) 

As discussed in sect. 2 the physical interpretation of the flavor singlet axial coupling constant 
g A (0) is the nucleon spin fraction carried by all quarks, i.e., valence plus sea quarks. To calculate 
<7^(0) in the present model, we evaluate the matrix element of the sum of one- and two-quark 



flavor singlet axial current operators A°(q — > 0) in sect. II I II between proton wave functions 39 
We then find 

9°a(0) g\(0) 



s ■ (25) 

9Ag 9Aq 



i.e., the same result as in Eq. (jl91 . 

However, due to the existence of the axial anomaly in the flavor singlet channel, U(3) sym- 
metry is broken. Consequently, g\ ^ g A as reflected by the generalized Goldberger-Treiman 
relations of Eq. flTB"]) . The ratio of the constituent quark axial couplings ( = g A / ' g\ = 0.48(24) 



obtained from Eq. (1241) is positive. Thus, it is at variance with the negative ( in Refs. 40j. Also 
in view of Eq. ffTTl) a negative value for either g A or g A appears to be rather unlikely. Our 



result for ( is in good agreement with the calculation in Ref. 23j which gives ( = 0.53. It would 



be interesting to calculate the hypercharge and singlet axial quark couplings in the model of 



Ref. 25 



Using Eq. ff24|) we get the results for the one-body and two-body axial current contributions to 
g A (0) as shown in Tabled] (fourth row). Due to the gluon exchange current and the renormalized 
flavor singlet axial quark coupling, the sum of quark spins in the nucleon is only about 1/3 of 
the value obtained in the additive quark model. Thus it is possible to describe the singlet axial 
nucleon coupling in the framework of the chiral constituent quark potential model provided 
consistent axial exchange currents are taken into account. 

Because of angular momentum conservation, this reduction of the quark spin is compensated 
by orbital angular momentum carried by the same nonvalence quark degrees of freedom. This 
can be seen from the following qualitative argument. When a w-quark with positive spin 
projection emits a spin 1 gluon, its spin flips thereby reducing the fraction Am of the nucleon 
spin carried by the u-quarks. The gluon moving in z-direction eventually annihilates into a 
quark- ant iquark pair as in Fig. [T](b). These sea quarks have momentum components transverse 
to the z-direction and therefore contribute to the orbital angular momentum of the system. 
In this way the gluon emission and annihilation process described by the two-body exchange 
current of Fig. UJb) leads to a redistribution of angular momentum from quark spin to orbital 
angular momentum carried by quark-antiquark pairs [411 ]. 
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This interpretation is supported by the results obtained from pion electroproduction in the 
A resonance region, in particular from the N — > A transition quadrupole moment. The latter is 
a measure of the deviation of the nucleon charge density from spherical symmetry and therefore 
of the amount of orbital angular momentum in the nucleon. It was found that the N — > A 
quadrupole transition involves mainly quark-antiquark degrees of freedom 42|, |43j, i.e., the 
same exchange current diagram of Fig. DJb) that leads here to the reduction of the quark spin 
contribution to the nucleon spin. Thus, the electromagnetic N — > A quadrupole transition 
provides an independent indication that quark-antiquark degrees of freedom carry most of the 
orbital angular momentum in the nucleon. 



V. SUMMARY 

We have investigated the axial form factors related to the spin structure of the nucleon in 
the framework of the constituent quark model. In addition to the usual one-body axial current, 
we have included two-body axial currents as required by the PCAC condition. These two-body 
exchange currents provide an effective description of the nonvalence quark degrees of freedom 
in the nucleon. We have shown that they reduce the quark contribution to nucleon spin. 

In particular, for the flavor octet hypercharge axial coupling g%(0), we obtain g%(0) = 
0.58 ± 0.26 where the uncertainty comes mainly from the hypercharge axial quark coupling 
g\ q = 0.96 ± 0.44. The latter is determined from the experimental rjN and rj'N couplings 
via generalized Goldberger-Treiman relations and reflects the experimental error bars of these 
coupling constants. We emphasize that the reduction of the additive quark model g\(0) = 1 
is predominantly due to the negative contribution of the quark-antiquark degrees of freedom 
effectively described by the axial gluon exchange current. 

Also in the case of the singlet axial coupling g^(O), measuring the quark and antiquark 
spin contribution to the nucleon spin, we find g°(0) = 0.28 ± 0.05, i.e., a drastic reduction 
compared to the standard additive quark model result g^(0) = 1. This is partly due to the 
negative contribution of the axial gluon exchange current, and partly due to the renormalization 
of the singlet axial constituent quark coupling g° A = 0.46 ± 0.09 as determined from the 
generalized Goldberger-Treiman relations. Both effects lead to a result in good agreement with 
the experimental value S = 0.33(10). 

Thus, the failure of the usual constituent quark model to describe the spin structure of 
the nucleon ("spin crisis") is mainly a consequence of the incorrect assumption that the axial 
nucleon current is the sum of three one-body quark currents, underlying most applications of 
this model. We have pointed out that this assumption is in conflict with the PCAC condition, 
which demands that (i) the axial current operator contains two-body axial exchange currents, 
and that (ii) the constituent quark axial couplings are renormalized from their QCD quark 
values. In summary, including axial exchange currents and assuming the validity of generalized 
Goldberger-Treiman relations allows a constituent quark model description of the hypercharge 
and singlet axial couplings of the nucleon that is consistent with the data. 

This does not mean that all problems concerning nucleon spin structure are solved. There 
are important conceptual problems, in particular, the validity of the generalized Goldberger- 
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Treiman relations in the presence of the axial anomaly 29|, |3Cj, |31| , and the relativistic definition 
of spin itself 44| which we have not addressed. Finally, it would be interesting to calculate the 
orbital angular momentum associated with the axial gluon exchange current investigated here. 
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